The essential oils from the leaves of Artemisia dubia, A. indica, and A. vulgaris growing wild in Nepal were obtained by hydrodistillation and analyzed by GC-MS. The major components in A. dubia oil were chrysanthenone (29.0%), coumarin (18.3%), and camphor (16.4%). A. indica oil was dominated by ascaridole (15.4%), isoascaridole (9.9%), trans-p-mentha-2,8-dien-1-ol (9.7%), and trans-verbenol (8.4%). The essential oil of Nepalese A. vulgaris was rich in α-thujone (30.5%), 1,8-cineole (12.4%), and camphor (10.3%). The essential oils were screened for phytotoxic activity against Lactuca sativa (lettuce) and Lolium perenne (perennial ryegrass) using both seed germination and seedling growth, and all three Artemisia oils exhibited notable allelopathic activity. A. dubia oil showed in-vitro cytotoxic activity on MCF-7 cells (100% kill at 100 μg/mL) and was also marginally antifungal against Aspergillus niger (MIC = 313 μg/mL). DFT calculations (B3LYP/6-31G*) revealed thermal decomposition of ascaridole to be energetically accessible at hydrodistillation and GC conditions, but these are spin-forbidden processes. If decomposition does occur, it likely proceeds by way of homolytic peroxide bond cleavage rather than retro-Diels-Alder elimination of molecular oxygen.
The genus Artemisia (Asteraceae) is made up of around 350 species of aromatic shrubs and herbs distributed over the northern hemisphere, many of which are used as traditional herbal medicines [1] . In this work we have examined the essential oil compositions of three species of Artemisia growing wild in Nepal: A. dubia Wall. ex Besser, A. indica Willd. and A. vulgaris L. In Nepal, the leaf juice of A. dubia is used to treat cuts and wounds while the plant paste is used against fever; A. indica leaf juice is used to treat ringworm [2] , and A. vulgaris for digestive problems, intestinal worms [3] , nose bleeds, neurological disorders [4] , and as incense [5] .
The composition of the essential oil of A. dubia from China has been previously studied [6] . The major components were 1,8-cineole, α-bergamotene, (E)-caryophyllene, and τ-cadinol. A. dubia extract [7] and essential oil [8] from Nepal have shown antimicrobial activity. A. indica essential oil from China was found to be largely composed of 1,8-cineole, camphor, borneol, germacrene D, (E)-caryophyllene, and caryophyllene oxide [9] . A. vulgaris oils have been extensively studied [10] and show a wide variation in chemical composition. A. vulgaris oils have demonstrated allelopathic [11] , insecticidal, repellent [12] , antioxidant [13] , and antimicrobial activities [10r,14] .
Essential oil compositions:
Artemisia essential oils were obtained in 0.04%, 0.05%, and 0.8% yield from A. dubia, A. indica, and A. vulgaris, respectively. The chemical compositions of the oils are summarized in Table 1 . A. dubia oil from Nepal was dominated by chrysanthenone (29.0%), coumarin (18.3%), and camphor (16.4%), with lesser amounts of verbenone (5.2%) and borneol (3.1%), in marked contrast to A. dubia essential oil from China [6] . A. herba-alba essential oils from Algeria [15] and Morocco [16] have been characterized as having high concentrations of both chrysanthenone and camphor. Chrysanthenone is known to be a photoisomerization product of verbenone [17] and filifolone has been shown to be a thermal decomposition product of chrysanthenone [18] .
Likewise, Nepalese A. indica essential oil was notably different from that from China [9] . The A. indica oil in this present study showed high concentrations of ascaridole (15.4%) and isoascaridole (9.9%), along with trans-p-mentha-2,8-dien-1-ol (9.7%), transverbenol (8.4%), cis-p-mentha-1 (7) ,8-dien-2-ol (6.0%), α-terpineol (5.6%), and menthol (5.4%). The essential oil of A. molinieri from France has been reported to contain high levels of ascaridole [19], as did the essential oil of A. persica from Iran [20] . Ascaridole is the active component of Chenopodium ambrosioides oil and is responsible for the antiparasitic effects of that oil [21] . The compound is known to be thermally labile, however, and isomerizes to isoascaridole [22] . Because of the reported heat-sensitivity of ascaridole, possible thermal decomposition reactions were investigated using density functional theory, DFT (see below).
Because of the great degree of chemical variability in A. vulgaris oils [23] , a numerical cluster analysis based on the 36 most abundant components was carried out (Figure 1) . A. vulgaris oils are generally dominated by the monoterpenoids camphor, 1,8cineole, borneol, α-thujone and β-thujone, as well as the sesquiterpene hydrocarbons α-humulene and (E)-caryophyllene, but the relative abundance of these constituents and the presence and abundance of other components is variable and likely depends on geographical, ecological, and phenological factors. The cluster analysis indicates that the sample from Nepal in this study is more 
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Oplopanone Both root (radicle) and shoot (hypocotyl) growth of L. sativa and L. perenne were notably inhibited by the three Artemisia essential oils.
A. dubia and A. indica oils significantly inhibited growth of both seedlings at concentrations of 250 μg/mL or higher. A. vulgaris oil, however, was somewhat less active in terms of growth inhibition, with significant activity at 500 μg/mL or higher. The allelopathic activity of A. dubia essential oil can be attributed to the high concentrations of coumarin and camphor. Coumarin has previously shown allelopathic potential against Zoysia japonica (seedling growth inhibition) [24] , Daucus carota (in-vitro cell culture) [25] , and Zea mays (root growth and morphology) [26] . In this present work, we have found that coumarin inhibits both seed germination of L. sativa and L. perenne (IC 50 = 51.4 and 265 μg/mL, respectively), as well as seedling growth (significant inhibition of radicle and hypocotyl elongation of both species at 62.5 μg/mL). Additionally, camphor has demonstrated allelopathic activity on Brassica campestris seedlings [27] and Oryza sativa seedlings [28] , as well as germination inhibition and seedling growth of L. sativa and L. perenne [29] .
The allelopathic activity of A. indica essential oil from Nepal is likely due to the high concentration of ascaridole (15.4%), a compound that has demonstrated broad bioactivity [30], as well as allelopathic activity [67] . α-Terpineol (5.6%) is also allelopathic [29, 32] and may contribute to the activity of A. indica oil. The allelopathy of A. vulgaris has been reported previously [11] and this current work complements that previously reported. The phytotoxic activity of A. vulgaris oil against L. sativa and L. perenne in this study can be attributed to relatively high concentrations of the known allelopathic agents 1,8-cineole [27, 29, 33] , α-and β-thujone [34], and camphor [27] [28] [29] 32] . In the present work, we found that a mixture of α-and β-thujones weakly inhibited L. sativa and L. perenne germination with IC 50 values of 448 and 1060 μg/mL, respectively.
Cytotoxic and antimicrobial activities:
Of the three Artemisia oils examined in this study, only A. dubia showed notable in vitro cytotoxic activity with 100% killing of MCF-7 human breast adenocarcinoma cells at a concentration of 100 μg/mL (Table 3) . Neither A. dubia nor A. vulgaris essential oils showed notable antimicrobial activity in our assays ( [7] , while A. dubia essential oil showed weak antifungal activity against Alternaria brassicicola (64% growth inhibition at 10 μL/mL) [8] , consistent with our present results. A thujones-rich A. vulgaris oil from Turkey had shown antibacterial and antifungal activity in a zone-of-inhibition assay, but minimum inhibitory concentrations were not determined [10r].
Thermal decomposition of ascaridole: Thermal decomposition reactions of ascaridole were investigated using density functional theory at the B3LYP/6-31G* level. The retro-Diels-Alder reaction of ascaridole (singlet ground state) to give α-terpinene and molecular oxygen (triplet ground state) had a calculated free energy of reaction (ΔG) of 8.8 kJ/mol. Decomposition reactions of ascaridole, either retro-Diels-Alder reaction or homolytic peroxide O-O bond cleavage, are both spin-forbidden processes. That is, on the first step of either reaction, ascaridole is a singlet ground state but dissociation by retro-Diels-Alder reaction would ultimately lead to triplet-ground-state O 2 as a product. Likewise, homolytic cleavage of singlet ascaridole would lead to a triplet diradical intermediate (Fig. 2) . In either of these decomposition processes, high-energy transition structures could be avoided by crossing from the singlet to the triplet potential energy surface. The activation energies are estimated to be where the energies of the two spin-state processes are equal in energy (i.e., where the energies cross with concomitant singlet-to-triplet crossing). It is assumed that the rate of intersystem crossing and the rate of bond cleavage must be similar, and calculating the transition probabilities between the singlet and triplet surfaces can presumably be estimated using the Landau-Zener formula [35] , but are beyond the scope of this present study. The free energy of activation (ΔG ‡ ) for the retro-Diels-Alder reaction was estimated to be the point where the energies for the singlet reaction profile and the triplet reaction profile are the same (Fig. 3 ). This point corresponds to an average C-O distance of 2.184 Å with a free energy, G = -540.757851 au, corresponding to an activation energy, ΔG ‡ = 170.1 kJ/mol. Homolytic bond cleavage of the ascaridole peroxide bond with subsequent ring closure to give the diepoxide isoascaridole was calculated to be very exergonic (ΔG = -130.1 kJ/mol), but with activation energies of 111.9 and 90.2 kJ/mol for the O-O bond cleavage and the epoxide ring closure, respectively (see Figs. 2 and 4 ). There is another triplet-singlet crossing in the final epoxide ring closing, corresponding to ΔG ‡ = 93.8 kJ/mol, to give finally isoascaridole. The free energy of activation for the retro-Diels-Alder reaction is much higher than that of homolytic O-O bond cleavage, suggesting the retro-Diels-Alder reaction to be a less likely pathway for decomposition of ascaridole.
Artemisia essential oils from Nepal Natural Product Communications Vol. 7 (12) In general, essential oils rich in ascaridole are also rich in both αterpinene and isoascaridole [19b,30b-e,36], consistent with the reported thermal lability of ascaridole [22, 37] . In contrast, neither the essential oil of Artemisia indica (this work) nor the essential oil of Achillea biebersteinii [38] had detectible quantities of αterpinene, suggesting that thermal decomposition by way of retro-Diels-Alder reaction either during hydrodistillation or GC injection is not an important decomposition pathway. Additionally, Toncer and co-workers did not detect isoascaridole in their ascaridole-rich sample of Achillea biebersteinii [38] , suggesting also that decomposition of ascaridole to form isoascaridole is not an important pathway during either hydrodistillation or gas chromatography. It seems reasonable, then, that the presence of αterpinene and isoascaridole in essential oils rich in ascaridole are not due to thermal decomposition during essential oil isolation or analysis. Fresh leaves (80.0 g) were shredded and hydrodistilled for 4 h using a Clevenger apparatus to give 0.042 g essential oil.
Experimental
A. vulgaris was collected on 21 st May, 2011, from Hetauda Makwanpur (27.42 N, 85 .03 E, 1550 m above sea level), Nepal. The plant was identified by Tilak Gautam and a voucher specimen (number 1204) has been deposited in the Botany Department, Tribhuvan University, Post-Graduate Campus, Biratnagar. Fresh leaves (100.0 g) were shredded and hydrodistilled for 4 h using a Clevenger apparatus to give 0.8 g essential oil.
Gas chromatographic/mass spectral analysis:
The Artemisia essential oils were analyzed by GC-MS using an Agilent 6890 GC with an Agilent 5973 mass selective detector [MSD, operated in the EI mode (electron energy = 70 eV), scan range = 45-400 amu, and scan rate = 3.99 scans/sec], and an Agilent ChemStation data system. The GC column was a HP-5ms fused silica capillary with a (5% phenyl)-polymethylsiloxane stationary phase, film thickness of 0.25 μm, a length of 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min. Injector temperature was 200°C and interface temperature 280°C. The GC oven temperature program was used as follows: 40°C initial temperature, held for 10 min; increased at 3°C/min to 200°C; increased 2°/min to 220°C. A 1% w/v solution of the sample in CH 2 Cl 2 was prepared and 1 μL was injected using a splitless injection technique.
Identification of the oil components was based on their retention indices determined by reference to a homologous series of nalkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the literature [39] and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version
